ABSTRACT The objective of this study was to determine the individual and combined effects of a high pH scald and a postpick chlorine dip on bacteria present on broiler carcasses. In each of 3 replications, a flock was sampled at several sites within a commercial broiler processing plant. Carcasses were sampled by whole carcass rinse before and after treated scalding at mean pH 9.89 or control scalding at mean pH 6.88. Other carcasses from the same flock run on both the treated and control scald lines were collected and sampled before and after a chlorine dip tank operated at mean total chlorine level of 83.3 mg/kg and pH 6.04. Rinses were cultured for numbers of Campylobacter and Escherichia coli and presence or absence of Salmonella. High pH scald was more effective than standard scald to lessen the prevalence and numbers of Campylobacter on broiler carcasses; a lower prevalence was maintained through the postpick chlorine dip tank. The pH of the scald tank made no difference in numbers of E. coli recovered from broiler carcasses at any tested point on the processing line. High pH scald was not more effective than standard scald to lessen Salmonella prevalence. Furthermore, it is unclear why the postpick chlorine dip effectively lessened Salmonella prevalence on only the control scald line. Although no evidence exists that these treatments have an additive effect when used in series, each treatment shows some promise individually. Further optimization may result in more effective decontamination of broiler carcasses.
INTRODUCTION
Salmonella and Campylobacter are human pathogens that have been linked to poultry and poultry products. These bacteria were reported as the 2 most common causes of foodborne illness in the United States (Centers for Disease Control and Prevention, 2008) . Overall, processing is very effective to lessen bacterial contamination of broilers, including the numbers of Campylobacter and prevalence of Salmonella (Izat et al., 1988; . Nevertheless, some specific steps in broiler processing have potential to cause the prevalence or numbers of human pathogens to increase.
Campylobacter numbers on broiler carcasses increase significantly during feather removal (Izat et al., 1988; Berrang et al., 2001; Rosenquist et al., 2006) . This increase is primarily attributable to the escape of highly contaminated gut contents from the vent while carcasses are passing through automated feather picking machines (Berrang et al., 2001) . Salmonella, unlike Campylobacter, tends to be present on broiler carcasses in low numbers and is therefore generally assessed on a presence or absence basis rather than actual numbers per carcass. Salmonella can also be affected by the process of automated feather removal. Salmonella prevalence has been shown to increase during defeathering; this is thought to be attributable to carcass-to-carcass contamination in feather picking machines (Clouser et al., 1995) . Both scalding and defeathering steps have been shown to facilitate cross contamination even when the bacteria of interest are present in low numbers (Mulder et al., 1978; Allen et al., 2003a,b; Mead et al., 1994) .
Moderating the increase in bacterial contamination during scalding and feather picking has been the focus of research studies reported in the literature. Placing bactericidal food grade acids in the lower gut before scald killed Campylobacter, lessening the increase normally noted during picking (Berrang et al., 2006) . Using an acidic spray during feather picking resulted in a decrease in bacterial numbers on broiler carcasses (Dickens and Whittemore, 1997) . Heat treatment after feather removal as a means to lessen bacterial numbers has met with varying results Purnell et al., 2004) . Modifying the pH of scald tanks has also been studied as a means to lessen bacterial contamination of broiler carcasses. Raising the pH of broiler scald water has been reported to affect Salmonella (Humphrey et al., 1984; Humphrey and Lanning, 1987; Mckee et al., 2008) . The opposite treatment, lowering the pH of scald water, has also been found to kill both Salmonella and Campylobacter (Okrend et al., 1986) .
It is possible that a combination approach placing multiple stresses on bacteria could be more effective than a single treatment alone to reduce bacterial numbers on broiler carcasses. Previous studies have shown that even if an individual treatment does not have a significant effect, a series of treatments or overall processing may (Stopforth et al., 2007; Berrang and Bailey, 2009 ). The objective of the current study was to examine the individual and combined effects of a high pH scald treatment before feather removal and a low pH chlorine dip tank after feather removal on carcass Campylobacter, Salmonella, and Escherichia coli. The hypothesis was that these interventions may, especially when combined, lessen the bacterial contamination of broiler carcasses before rehang on the evisceration line in a commercial processing plant.
MATERIALS AND METHODS

Flock Selection
It was desired that test flocks (defined as all broilers in 1 house) be culture positive for both Salmonella and Campylobacter before processing. Flocks scheduled to be processed on sample days were tested approximately 1 wk before slaughter by culturing fresh feces. Feces was collected by pressing sterile swabs (BBL CultureSwab, Becton Dickinson, Sparks, MD) into multiple (up to 6) fresh droppings. One swab was used per house. Each swab was placed into a sterile tube with transport medium, cooled by covering with ice, and transported to the laboratory for culture (described below) within 6 h. Flocks positive for Campylobacter and Salmonella were identified for use in the study. On each sample day, 1 flock was used; all samples were from the specified broiler house.
Processing Plant
This study was conducted in a commercial broiler processing plant with 2 kill lines operating at 140 birds/ min. Each line included a prescald spray and brush wash cabinet with chlorinated (20-50 mg/kg) water. Each line had a scald tank that operated at temperatures from 50 to 55°C. On one line (treated), lime slurry (calcium hydroxide) was added to the scald tank to increase the pH (goal pH 11). The control line had a scald tank filled with city water. Mean carcass dwell time in the scald tank was 3 min 27 s. After scalding, carcasses on both lines proceeded through separate banks of automated feather picking machines and separate chlorinated (20-50 mg/kg) postpick spray cabinets and then into a common chlorine (20-50 mg/kg) dip tank (dwell time 10 s) that was acidified with sodium bisulfate (goal pH 5). On each sample day, the pH of each scald tank and the chlorine dip tank was measured using a pH meter (Thermo Fisher Scientific, Waltham, MA).
Carcass Sampling
Carcasses were collected before and after each treatment step and cultured for bacteria of interest. Sample sites were divided according to which scald treatment was applied (control or high pH treatment). Sample sites included prescald (1 set of 10 served as both control and treated), postscald (10 control and 10 treated), pre-chlorine dip (10 from control line and 10 from treated scald line), and post-chlorine dip (10 from control line and 10 from treated scald line). This resulted in 70 carcasses/replication (10 carcasses for each of 7 sample sites). Three replications were conducted resulting in a total of 210 carcasses, 30 for each site.
All carcasses in each replication were from the same broiler house. Each carcass was removed from the kill line by hand with clean latex gloves, placed into an individual clean plastic bag, and held on ice until rinsed. Carcasses were subjected to a 60-s whole carcass rinse by hand in 400 mL of Butterfield's buffer (3M Microbiology Products, St. Paul, MN). Each rinse was transferred to a sterile bottle and held on ice during transport to the laboratory where it was cultured within 18 h.
Bacterial Culture
Microbial analyses were similar to those reported by Berrang and Bailey (2009) . Farm fecal swabs and carcass rinse samples were cultured for numbers of Campylobacter. Serial dilutions were prepared in PBS and direct plated onto the surface of Campy-Cefex agar (Stern et al., 1992) . Plates were incubated at 42°C for 48 h in sealable plastic bags flushed and filled with microaerobic gas (5% O 2 , 10% CO 2 , 85% N 2 ). Colonies characteristic of Campylobacter were counted. All colony types from each sample were confirmed as Campylobacter by observation of typical cellular morphology and motility under phase contrast microscopy. All colony types were confirmed as members of a thermophilic species of Campylobacter (jejuni, coli, or lari) by a positive reaction to a latex agglutination test for specific cellular antigens (Microgen Bioproducts Ltd., Camberley, Uk).
Rinse samples were cultured for numbers of E. coli by direct plating of serial dilutions onto Petrifilm E. coli/coliform count plates (3M Microbiology Products). Petrifilm plates were incubated at 35°C for 24 h, and E. coli colonies were counted according to package instructions.
SCALD AND POSTPICk TREATMENTS
To determine the presence of Salmonella in rinse samples, 30 mL of rinse was added to 30 mL of buffered peptone water (Becton Dickinson) that was incubated for 24 h at 35°C. For each preenriched sample, 0.2 mL was transferred to 10 mL of tetrathionate broth (Becton Dickinson) and to 10 mL of Rappaport-Vassiliadis R10 broth (Becton Dickinson). Enrichment broths were incubated aerobically at 37°C for 24 h. Following incubation, 1 loopful each of tetrathionate broth and Rappaport-Vassiliadis R10 broth was streaked on modified lysine iron agar (Oxoid, Baingstoke, Uk) and brilliant green sulfa agar (Becton Dickinson) that were incubated aerobically at 37°C for 24 h. After incubation, a well-isolated colony with the appearance typical of Salmonella spp. was picked from modified lysine iron agar or brilliant green sulfa agar and screened on triple sugar iron agar (Becton Dickinson) and lysine iron agar (Becton Dickinson) slants by stabbing the agar butts and streaking the slants. Following 18 to 24 h of incubation aerobically at 37°C, isolates giving typical biochemical reactions were considered presumptive Salmonella. Two isolates per presumptive positive sample were confirmed by a positive reaction to Salmonellaspecific somatic surface (Becton Dickinson) and flagellar antigens (Microgen Bioproducts Ltd.).
Statistical Analysis
Mean number of colony-forming units of Campylobacter and E. coli on duplicate plates was log 10 transformed. Geometric means were calculated for all carcasses from each site within each replication; numbers are reported as log colony-forming units per milliliter of rinse. General linear model procedure was conducted using a completely randomized block design with flock (sample day) as block. Differences between means at each site according to scald treatment were determined by Student's t-test and Waller-Duncan multiple comparison procedure. Further analysis was conducted using single degree of freedom orthogonal comparisons of interest. Orthogonal comparisons were conducted between the means of pooled prescald samples and the other 6 sample sites. Prevalence of Salmonella and Campylobacter on carcasses from each scald treatment was compared at each sample site using chi-square test for independence. Significance for all analyses was assigned at P < 0.05. Statistical analysis was performed using SAS (SAS Institute, Cary, NC).
RESULTS
The control scald tank was operated at a mean temperature of 52.7°C (range 50.6-54.5°C) and at a mean pH of 6.88 (range 6.8-7.1). The treated scald tank operated at a similar temperature as the control with an average of 52.3°C (range 50.0-53.9°C). The pH of the treated tank was, however, substantially higher than the control with a mean of 9.89 (range 8.1-11.3). The common postpick chlorine dip tank had a mean total chlorine concentration of 83.3 mg/kg (range 70-90 mg/ kg), a mean free chlorine concentration of 1.89 mg/kg (range 1.27-2.20 mg/kg), and a mean pH of 6.04 (range 5.96-6.13).
Campylobacter numbers recovered from broiler carcasses collected before and after scalding and chlorine dip are presented in Table 1 . Orthogonal comparisons between pooled prescald and all other sites revealed that both treated and control scald treatments lowered (P < 0.05) the numbers of Campylobacter on positive carcasses. High pH scald was significantly (P < 0.05) more effective than control scald in lowering prevalence and numbers of Campylobacter. Samples collected farther down the kill line just before the chlorine dip showed that although the mean number of Campylobacter recovered from each treated carcass was still lower (P < 0.05) than that recovered from control carcasses, the prevalence on treated carcasses had rebounded and was no longer lower than that detected on control carcasses (P < 0.05). After the chlorine dip tank, right before rehang on the evisceration line, there was a lower (P < 0.05) prevalence of Campylobacter on carcasses from the high pH scald line than on those from the control line. This difference, however, was moderate and no difference (P > 0.05) was found in the mean number of cells detected per milliliter of positive carcass rinse.
Numbers of E. coli detected per milliliter of broiler carcass rinse are presented in Table 2 . Both the high pH and control scald resulted in a significant (P < 0.05) decrease in the numbers of E. coli recovered. No difference (P > 0.05) was found in the numbers of E. coli from treated carcasses and control carcasses at any sample site; E. coli numbers did not change after the chlorine dip tank (P > 0.05).
Prevalence of Salmonella on broiler carcasses is presented in Table 3 . Scalding lowered (P < 0.05) Salmonella prevalence on broiler carcasses from both lines. With the limited number of samples tested in this study, no difference (P > 0.05) was found in the prevalence of Salmonella according to scald treatment. By the time carcasses were ready to enter the chlorine dip, the prevalence of Salmonella had rebounded to the same level noted prescald (P > 0.05). The chlorine dip was effective to lessen Salmonella prevalence only for carcasses on the control scald line, which was significantly (P < 0.05) lower than on the high pH scald line.
DISCUSSION
In the current study, both control and high pH scalding resulted in lower numbers of all bacteria measured on broiler carcasses. The purpose of scalding is to loosen feathers and facilitate picking. Although not originally designed as an antimicrobial treatment, that effect of scalding has been reported in earlier studies for Campylobacter, E. coli, and Salmonella (Izat et al., 1988; Yang et al., 2001 ). In the current study, an increased scald water pH improved the effectiveness of scalding to lessen the prevalence and numbers of Campylobacter but did not significantly affect Salmonella prevalence. These data are similar to those in the literature that show a high pH scald may not affect the incidence of bacteria on naturally contaminated carcasses (Humphrey and Lanning, 1987) but can lessen the numbers in scald water and inoculated onto skin or carcasses (Humphrey et al., 1984; Mckee et al., 2008) .
It is well documented that automated feather picking can undo improvement in microbiological quality that is coincident with scalding (Izat et al., 1988; . This is likely what resulted in the increase in Campylobacter prevalence between the end of scalding and the beginning of the postpick chlorine dip tank. It is encouraging that although prevalence had increased, Campylobacter-positive carcasses on the treated line had significantly fewer cells than did those from the control line. This suggests a continued effect of the high pH scald water during feather removal. The normal increase in Campylobacter numbers during defeathering is attributable to escape of even tiny amounts of gut contents from the vent contaminating carcasses in the picker (Berrang et al., 2001 (Berrang et al., , 2004 . Some high pH scald water may have remained on carcasses acting as a surfactant, allowing the picker spray and postpick spray cabinet to more effectively wash away recently acquired gut contents.
Although lessened by both scald treatments, E. coli numbers were not affected as much as Campylobacter numbers. The postpick chlorinated dip tank was not effective against E. coli. The current data fit well with earlier studies that report that E. coli, which is essentially omnipresent on broiler carcasses, is not as sensitive to processing interventions as Campylobacter or Salmonella Altekruse et al., 2009) .
The lack of effectiveness of the currently tested chlorine dip to lessen Campylobacter contamination supports earlier reports that chlorinated treatments, although beneficial for carcass cleanliness, do not necessarily lower numbers of Campylobacter (Northcutt et al., 2005; Parveen et al., 2007) . The low pH chlorine dip did lessen Salmonella prevalence, albeit only on the control line. It is possible that the high pH scald played a role in the subsequent chlorine dip. Hypochlorous acid is most active at an acidic pH. The pH of the water in the chlorine dip tank was about 6, a level that would be expected to be acceptable for chlorine activity. However, it is possible that the local pH at the skin Table 1 . Prevalence (%) and mean number (log 10 cfu/mL of rinse) of Campylobacter on broiler carcasses before and after control or high pH scald and postpick chlorine dip 1 (n = 30/sample site) surface of carcasses from the treated line was increased because of carryover of high pH water from the scald tank. A higher pH could have rendered the chlorine less effective at the skin surface, preventing any further reduction in the prevalence of Salmonella. It is, however, unclear why such an effect would not have been noted with Campylobacter.
The current data show no clear benefit of combining a high pH scald and a postpick low pH chlorine dip tank. No evidence was found of an additive effect under the experimental conditions. Both treatments did, however, show some promise individually, and perhaps with an efficient rinse to reduce potential for carryover of high pH scald water, these treatments could be combined to better effect.
